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1. Introduction

Model parameters for modeling the temperature dependence can in principle be obtained by repeating the extraction me-

thods at different temperature.

But, HICUM model is described by 82 electrical parameters. In the temperature range, [-40°C;180°C], with n different tem-
peratures, this method requires the extraction of n.82 parameters for only one transistor!

The extraction effort can be significantly reduced thanks to the study of physical quantities, like intrinsic carrier or mobility,
dependence with temperature.

This study makes it possible to establish parameter temperature dependence, thanks to parameter value at Tyoy, and the
extraction of temperature parameters: P(T) = P(Tyom) O(T, Tyowm) -

The question is: how extract HICUM temperature parameters?

Two methods are possible:

[ Repeating the extraction methods at different temperature, and then extract HICUM temperature parameters from

P(T) curves.
[J Extracting HICUM temperature parameters from temperature measurements of electrical data, which are well
impacted by these parameters.

To compare these approaches, measurements at different temperature were made, and model parameters were extracted

at each temperature. Then the comparison with parameter temperature variation predicted by HICUM model was done.
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2. HICUM model equations: temperature dependence

2.1. HICUM temperature dependence parameters
N©° Name Description Default Unit
1 Ve Bandgap-voltage at OK 1.17 \%
2 Ag Relative temperature coefficient of forward current gain 5.10°3 1/K
3 Alto First-order relative temperature coefficient of Tgg 0 1/K
4 Kto Second-order relative temperature coefficient of Tgq 0 1/K?
5 ZETAC Temperature exponent for R¢g 0 -
6 Alvs Relative temperature coefficient of saturation drift velocity 0 1/K
7 Al cEs Relative temperature coefficient of Vcgg 0 1/K
8 ZETARBI Temperature exponent of internal base resistance 0 -
9 ZETARBX Temperature exponent of external base resistance 0 -
10 ZETARCX Temperature exponent of external collector resistance 0 -
11 ZETARE Temperature exponent of external emitter resistance 0 -
12 AL Fav Relative temperature coefficient for Fpy 0 1/K
13 ALoav Relative temperature coefficient for Qay 0 1/K
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2.2. HICUM model equations
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Name

Description Unit
T Temperature at which the device is simulated K
Tnom Temperature at which model parameters have been extracted K
AT AT = T-Tyom K
T
T, = -
TR R Tnom
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O Transfer current
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The transfer current is strongly temperature dependent via the intrinsic carrier density.This leads to:

3
C10(T) = C10(Tnom) LT [eXp

DVGB
DVT

qTg-1)3

The zero-bias hole charge Qg is temperature dependent via the influence of base width change with temperature, that is

mainly caused by the change in depletion width of the BE junction:

on(T) = on(TNom) E{l + % EEH—
O

V(™
VDEi(TNOM)

U
U
0]

Normalized C, variation with temperature

Normalized Qp variation with temperature
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[0 Current gain and base current

In HICUM, the temperature dependence of the forward current gain is given by:

Be(T) = Be(Tyow) H1+A g AT}

Thus the temperature dependence of the saturation base current can be written:

3 OVee 1 0
les(T) = lgs(Tnom) TTr bepD[y\-/——T [El—T—RE—ALB DSTE
NOM

Normalized B variation with temperature Normalized Igg variation with temperature
8
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[0 Depletion charges and capacitances

The key parameter for the temperature dependence of the depletion charges and capacitances is the diffusion (or built-in)
voltage:

Normalized Vg, variation with temperature Normalized Vp, variation with temperature
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The parameter A|_j determining the maximum value of the depletion capacitance at forward bias is empirically modified as

follows:

Vp(T)

AL(T) = AL(Thom) Em
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The zero-bias junction capacitance temperature dependence can be directly calculated from that of Vp:

(Tnow)
CilT) = Cpo(Twon) CHE- M

Normalized Cjg,q variation with temperature Normalized Cjc)q variation with temperature
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[0 Temperature coefficients of sheet resistances

Temperature dependence of sheet resistances can be determined according to the temperature dependence of the mobility

assuming:u(T) = W(Tyom) DTR_Z leading to: [R(T) = R(Tyom) DTRZ

The mobility exponent { can be expressed by an empirical function of the average doping concentration N of the con-

a+cxk+e X +gx°
1+bk+do+f0¢°

cerned region: {(N) = where x is the decimal logarithm of the doping level x = logN (1)
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[0 Transit time and minority charge

The low-current portion of the transit time as a function of temperature is mainly determined by the quadratic temperature
dependence of the parameter Ty:

To(T) = To(Tnom) L1 +A 1o IAT + Ky AT?]

Normalized T variation with temperature
2.4 l

To(M ! To(Tnom)
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T [°C]
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The critical current density Icx depends on temperature via physical parameters like mobility of the epitaxial collector and

saturation velocity. The internal collector resistance contains the low-field electron mobility and reads:

z
Rcio(T) = Recio(Tnom) OTR e

Normalized R¢j, variation with temperature
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The model parameter Z;,, is a function of the collector doping concentration.

11/37 Crolles Héléne BECKRICH, Dominique BERGER, Didier CELI

é?;ﬂ Device Modelling L’l -



June 04  HICUM temperature scaling laws and parameter extraction

dmo04.74

The voltage Vi, contains both mobility and saturation velocity, resulting in:

ZETACI
Viim(T) = Viim(Tnom) K1 —A g [AT) g

Normalized V), variation with temperature Normalized Vj,, variation with temperature
1.2

Viim(M 7 Viim(Tnowm)
Viim(M ! Viim(Tnom)
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The CE saturation voltage is modelled as a linear function of temperature:

Vees(T) = Vees(Tnom) HL + A ces [AT)

Normalized Vg variation with temperature
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The emitter time constant Tggg depends on temperature via mainly the hole diffusivity in the neutral emitter and the current

gain. Assuming a large emitter concentration with a negligible temperature dependence of the mobility, the following
expression can be obtained:

Tr
Tero(T) = Tero(Tnom) D—l T A g AT

Normalized Tggq variation with temperature

Tero(M / Tepo(Tnom)
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T [°C]
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The temperature dependence of the parameter Tycg can be expressed as:
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Thes(T) = Thes(Thom) DR e

Normalized Tycg variation with temperature
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anche current

Favi(T) = Favi(Tnom) DBXP(ALpay TAT)

Normalized F,,, variation with temperature

dmo04.74

Qavi(T) = Qavi(Tnom) EeXP(A gay [AT)

Normalized Q,,, variation with temperature
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2.3. Summary
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[0 Presentation of HICUM temperature dependence model equation and HICUM temperature dependence parameters

[J Model prediction

I:)NORM(Tmax) - I:)NORM(Tmin)

Tmax_Tmin

Parameter Variation with temperature w
Cio 2.10* k1 +
Qro 8.10°K? +
lgs 4.10% K1 +
Vb 0.003 K -
AL 0.003 K -
Cio 8.10% K1 +
To 0.006 K1 +
Rcio 0.001 K1 +
Viim 0.002 K1 -

VcEs 0.005 K1 +
Tero 0.03 K1 +
THes 0.002 K1 -
FavL 104Kt +
QavL 3.104 k1 +

I{&L7 Device Modelling
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3. Comparison between direct extraction and HICUM temperature laws

MEASUREMENT @ Tyin<T<Tmax MEASUREMENT @ T=Tnom
|
|
n model cards @ T,in<T<Tnax 1 model card @ T=Tnom

- -

with temperature without
\ temperature parameter \ temperature parameter extraction

extraction
P(T)=P(Tnom)-f(T,Tnom)

COMPARISON

é?-:ﬂ? Device Modelling i 7 l —
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The measurements were made on a SiGe:C BiCMOS technology with a f; peak at 55 GHz.

O Transfer current

C10(T) = C1o(Tyom) T oxp 82 ([T~ 1) QpolT) = QpolTrow) [ 1+ 5 1 -~ s 5
10 — Y10\ "NOM R R 0 0\ "NOM
DV L P P VDEI(TNOM)
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0 Saturation current

oV 0 Cyo(T)
~ 3 GB 1D ~100 7/

1<(T) = 1a(Tron) Ta° CBX H -

s(T) = 15(Tnom) LT p TNOM TRDD on(T)

Cyo ! Qpg variation with temperature

-10
10 T T T T T T T
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[i&L? Device Modelling r
20137 il Hélene BECKRICH, Dominique BERGER, Didier CELI Yl S



June 04  HICUM temperature scaling laws and parameter extraction dm04.74

[0 Depletion charges and capacitances

Normalized Vg, variation with temperature Normalized Vp, variation with temperature
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(Tnowm)
ClT) = Cp(Tuon) 32

Normalized C,g g variation with temperature Normalized C,¢,q variation with temperature
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4. Temperature parameter extraction methods

4.1. Principle

Model parameters for modeling the temperature dependence can in principle be obtained by repeating the extraction me
thods at different temperature.

As we observed in previous part, this method adds error to temperature parameter extraction error, due to the extraction of
electrical parameters at different temperature. This is particularly true for parameters which have a slow variation with tem-

perature, as the built-in voltage or depletion capacitance.

Another approach is temperature parameter extraction from temperature measurements of electrical data, which are well

impacted by the model parameters. This allows to minimize error due to extraction methods.

0 PROMOTE DIRECT EXTRACTIONS FROM TEMPERATURE MEASUREMENTS

é?;ﬂ Device Modelling L’l -
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4.2. Bandgap voltage
Measurement data Vge(T) data at Vg=0 at different constant I Voo\
— VCE™VBE
Required model parameters none
Procedure Linear regression on the curve:
Vg —V Vi OV \Y,
ART VT AR VT AR AT
A= Vge(T ) Ty O——— -V (T) -3 e [V
Be\'NOM/ IR BE GB D]-_
Var = V7 AR~ VT Var—Vr NOM
Related HICUM parameter Ver
Vgg = 1.071V
2
< 8
03 | | | | | | |
-30 -20 -10 0 10 20 30 40 50 60 -40 -20 0 20 40 100 120 140
IVAR/(VaR-VDLAT Tyom  [%] T [°C]
I{&L7 Device Modelling A S
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[0 Bandgap voltage temperature dependence parameter

1s(T) Vee(T) 3 OVes 1
I(T) = ex with I5(T) = Ig(Ty) Org™ Cex — =0
c(T) Lah Qiei(T) n v; O s(T) = 15(Tp) Og pDEWTNOM[El oD
i
B Q, (M
(T
But, instead of considering the variation of 1 + hyg; %JEI((T)) , the expression of the collector current is considered to be:
Po
1s(T) Vee(Mn
Io(T) = ex
c(1 ) POV, O
VaRr
Vge(T Vge(T
Thus, assuming that 1» ee( ), 1 zexpg— e )E, which leads to the expression of Ig:
Var 1 +VBE(T) VAR
Var

Vee(M Vee(T)

Ic(T) = Ig(T) Cexp v v

: 3 OVee 1 Vee(T)  Vee(Tnom)g
Finally: I-(T) = 1c(Tnom) BT [bxp[yv— El—— OCexp -
LY Taom TRDD . Vo .

0 Vee(T) =Vee(Tyom)g
[l O

[exp
V1iom Var
If Vg is measured at different temperatures, keeping I constant, we can derive the following formulation and determine

directly Vgg using a simple linear regression:

Ve (Tyon) O DMA_V (T)_BMDM—=£D\/ g]_A_T
BELNOMITR T Vg =V °E AR~ VT R Var=Vr  ©® Tyom

é?;ﬂ Device Modelling L’I -

25/37 Crolles Héléne BECKRICH, Dominique BERGER, Didier CELI



June 04  HICUM temperature scaling laws and parameter extraction dm04.74

[0 Other method usually used to extract Vgg [1]

Extracted data Is(T) data

Required model parameters ~ Cyo(T), Qpo(T)

Procedure T T Y/
Linear regression on the curve: InDClO( ) QPO( Now) EH NOMD 0- __GB DA—T
LQpo(T) ClO(TNOM)

T |:| |:| VTNOM

Related HICUM parameter Vee

Vgg = 1.095V

=
~

=
N

=
o

Vge V]

In( C10(T) / Qpo(T)-Qpo(T) / C10(M)- TrowM?)
IN

] I ] ] ] ] ] . ] I ] ] ] ] ] ] ]
-6
-4 -2 0 2 4 6 8 10 12 -40 -20 0 20 40 60 80 100 120 140

1/VTNOM L (ATIT) T [OC]

[1] M. Schroter, “Methods for extracting parameters of geometry scalable compact bipolar transistor models”, CEDIC
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[0 Bandgap voltage temperature dependence parameter

The saturation current is given by:

10
15(T) = 1s(Tyom) TR’ Dexp Ves E%l =0

TNOM

Cio(M

Thus, as Ig(T) = Qpa(T)

C.n(T C,n(T []
10(T) _ C10(Tnom) DTR Dexp GBE%l 1D

QPO(T) - QPO(TNOM) D Trnom

Finally, VGB is determined by a linear regression on the following formulation:

In C10(T) QPO(TNOM) NOMDD Vg DA_T
LQpo(T) ClO(TNOM) T Uo Viion

I{&L7 Device Modelling
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Error due the direct extraction on electrical data Error due the extractionon | s(T) curve
15 @ T T T T T T

| | | | | | | | | 6% |

5 —

— 4 —

> > 3 -

£ E 2 -

e 8 O NG -

= = 1+ -

w oo

= > 2T 7]

‘o o 3 .

5 =] 4 —

g § 5| -

= = -6 -
th 8 7

> ' S ]

> sk : i

9 | —

-10 | 3

1 | | | | | | | | | 11 ] | ] ] ] ] ] ] | ¥

40 -20 0 20 40 60 80 100 120 140 -40  -20 0 20 40 60 80 100 120 140
T P T [°C]

0 DIRECT EXTRACTIONS FROM TEMPERATURE MEASUREMENTS GIVE MORE
PRECISE RESULTS

— { I5&L’ Device Modelling ‘_
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4.3. Relative temperature coefficient of forward current gain

Measurement data Vge(T) data at Vg=0 at different constant Ig L Vee=Vee

Required model parameters ~ Vgp

Procedure Linear regression on the curve:

1

Related HICUM parameter Ap

Vgg= 1071V A g=-5.19410°k*
0.3 T T T T T T T

Vee V]

03 I i I I I I I I I
40 20 0 20 40 60 80 100 120 140

[Vee - Veenom- (T'Mnowm) + 3. Vr.In(TTyom)* Ve (TMnom- DIV

AT [°C] T [°C]

— é?;ﬂ Device Modelling L
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[0 Relative temperature coefficient of forward current gain

In HICUM, the temperature dependence of the forward current gain is given by:

Be(T) = Be(Tyowm) H1+A g AT}

Thus the temperature dependence of the saturation base current can be written:

1 O
les(T) = lgs(Trom) Tr° bep[W E%l —T—R%—ALB DSTE

TNOM

That leads finally to the temperature dependence of the “ideal” base current Ig:

O vV (T) Var(Tyom) O
lg(T) = 1g(Thom) DR DE‘XP E%l T 0 A,_B (AT OCexp B\'j B'i/ NOM’ 5
TNOM R O 0 T Tnom 0

If Vg is measured at different temperatures, keeping lg constant, we can derive the following formulation and determine

directly A| g using a simple linear regression:

1

é?;ﬂ Device Modelling L’l -
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Error due the direct extraction on electrical data

VBE Measure'VBE Model [mV]

0 IMPROVEMENT IN Ig(T) MODEL DESCRIPTION

— (/&L Device Modelling ‘_
31/37 Crolles Héléne BECKRICH, Dominique BERGER, Didier CELI Yl



June 04  HICUM temperature scaling laws and parameter extraction dm04.74

4.4. Series resistances

Measurement data none

Required model parameters none

Procedure The mobility exponent can be expressed by an empirical function of the average dop-
ing concentration N of the concerned region: where x is the decimal logarithm of the
doping level (1) can be directly used to calculate the temperature coefficients Zgta,
knowing the average doping of the considered layer.

Related HICUM parameter Zetach ZETARBI' ZETARBX: ZETARCX

32/37
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4.5. Transit time at low current densities

Measurement data 1 Ml

> T[fTDCD data at Vgc=0 at different temperature

Required model parameters  All DC parameters, junction capacitance parameters, Zgta, Veg: AL

Procedure A temperature pre-processing gives the collector, emitter series resistances and the
capacities for each temperature. The transit time T, is obtained from the y-intercept

minus the parasitic delay Rc(T).Cgc(T).
The temperature coefficient are optimized on the characteristic To(T)

Related HICUM parameter Alto Ko, To

45 | | | | | | | | | Ty = 2.707E-12ps A 1o = 1.037E-03 Ko = 9.625E-06

° 35 T T T T T T T T T
40 |- 4
o 34 —
35 |- .
o 33 .
30 .

1/(2rty) [ps]
3
I
o
|
To [ps]

5 o .
29 |- —
0 ©° .
2.8 |- —

2.7 - -
ol -
| | | | | I I I I 26 ] ] ] ] ] ] ] ] ]
0 100 200 300 400 500 600 700 800 900 1000 .40 -20 0 20 40 60 80 100 120 140 160
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T [Deg]
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The method is tested on a transistor from a SiGe BICMOS technology with a f1 peak at 45 GHz with one emitter contact,

two base contacts, and two collector contacts.

The f1 curves at Vg=0 are simulated for all temperatures used for the extraction. The self-heating is not included in the fol-

lowing simulations.
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4.6. Rty and BC breakdown

Measurement data Ig(Vcp) at different Vgg

Required model parameters Vg, AL, Zgtacl ZETARBI: ZETARBX: ZETARCX: ZETARE: (RTH)
Procedure Global optimization

Related HICUM parameter RrH, (ALFav ALoAV)

Rrp= 7.15107 KIW Agay = 7.1410° K" A gy = 517107 K™
15 , , , 1

Dissipated power P Vge=0.9V

I, acts as a
/' thermometer AT

Is/lgo

VBE:O.SSV

VBE:O'7V

>) 0.7

Ves V]
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5. Summary

[0 Good description of parameter dependence with temperature at low injection

0 Work has to be done on:

» Bandgap voltage

« Parameters describing the temperature dependence of the critical current: A\ ys, Al ces

* Thermal coefficients of emitter resistance:

The equation (1) is valid for mono-silicon layer. The method presented in section 4.4. can not be applied to the
extraction of the temperature coefficient of the emitter poly-silicon resistance, ZETARE.

ZETARE must be determined directly from measurements.
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* Take into account the self-heating in the extraction flow.

dmo04.74

The measurements were made on a SiGe BICMOS technology with a fr peak at 45 GHz with one emitter contact, two base

contacts, and two collector contacts : Ryy = 636 KW
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